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A carbon budget for the northwest European continental shelf seas (NWES) was
synthesized using available estimates for coastal, pelagic and benthic carbon stocks and
flows. Key uncertainties were identified and the effect of future impacts on the carbon
budget were assessed. The water of the shelf seas contains between 210 and 230 Tmol
of carbon and absorbs between 1.3 and 3.3 Tmol from the atmosphere annually. Off-
shelf transport and burial in the sediments account for 60–100 and 0–40% of carbon
outputs from the NWES, respectively. Both of these fluxes remain poorly constrained by
observations and resolving their magnitudes and relative importance is a key research
priority. Pelagic and benthic carbon stocks are dominated by inorganic carbon. Shelf
sediments contain the largest stock of carbon, with between 520 and 1600 Tmol stored
in the top 0.1 m of the sea bed. Coastal habitats such as salt marshes and mud
flats contain large amounts of carbon per unit area but their total carbon stocks are
small compared to pelagic and benthic stocks due to their smaller spatial extent. The
large pelagic stock of carbon will continue to increase due to the rising concentration
of atmospheric CO2, with associated pH decrease. Pelagic carbon stocks and flows
are also likely to be significantly affected by increasing acidity and temperature, and
circulation changes but the net impact is uncertain. Benthic carbon stocks will be
affected by increasing temperature and acidity, and decreasing oxygen concentrations,
although the net impact of these interrelated changes on carbon stocks is uncertain
and a major knowledge gap. The impact of bottom trawling on benthic carbon stocks
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is unique amongst the impacts we consider in that it is widespread and also directly
manageable, although its net effect on the carbon budget is uncertain. Coastal habitats
are vulnerable to sea level rise and are strongly impacted by management decisions.
Local, national and regional actions have the potential to protect or enhance carbon
storage, but ultimately global governance, via controls on emissions, has the greatest
potential to influence the long-term fate of carbon stocks in the northwestern European
continental shelf.
Keywords: carbon, marine, coastal, shelf, biogeochemistry, budget, impacts
INTRODUCTION
Continental shelf seas play an important role in the global cycling
of carbon. Although they account for less than 10% of the global
ocean area (Harris et al., 2014), shelf seas contribute 80% of
the organic carbon burial in sediments and 50% of the organic
carbon delivery to the deep ocean (Bauer et al., 2013). They are
responsible for 8–19% (Bauer et al., 2013; Laruelle et al., 2014) of
the ocean carbon sink of 2.4 Pg C year−1 (Le Quéré et al., 2018).
The northwest European shelf (NWES; Figure 1) is a large
area of shallow temperate seas which occupies between 3 and
4% of global continental shelf area (Wakelin et al., 2012; Harris
et al., 2014) and is globally significant in terms of the uptake of
atmospheric CO2 (Frankignoulle and Borges, 2001; Laruelle et al.,
2014). As one of the most studied and impacted shelf sea regions
it is also a key region for developing understanding of shelf
sea biogeochemistry applicable to other, less intensively studied
or impacted shelf systems. The mechanism of CO2 uptake by
seasonally stratifying shelf seas has been termed the continental
shelf pump (Tsunogai et al., 1999; Thomas et al., 2004) and
relies on both the biological productivity of shelf seas and their
physical oceanography. This mechanism has been observed in
the North Sea (Thomas et al., 2004; Bozec et al., 2005), with
the export of carbon into the North Atlantic Ocean (Thomas
et al., 2005) driven by the downwelling circulation on the shelf
(Holt et al., 2009).
Globally, the uptake of CO2 by shelf seas is thought to have
increased over the last two decades as the difference between
air and shelf water pCO2 has increased (Laruelle et al., 2018).
This trend may be driven by faster shelf-edge exchange and
increased primary production due to anthropogenic nutrient
inputs (Laruelle et al., 2018). Over longer timescales, coastal
oceans may have shifted from pre-industrial CO2 sources to
modern CO2 sinks due to increasing atmospheric CO2 and
increased nutrient inputs (Bauer et al., 2013).
There is increasing interest in the role of the ocean in
mitigating atmospheric CO2 increases, both in terms of the
response to increasing emissions and the opportunities for
managing and even enhancing carbon storage as “negative
emissions” (Gallo et al., 2017; Gattuso et al., 2018; Smale et al.,
2018). Carbon sequestration has clear societal benefit and society
may wish to recognize this benefit in terms of economic value,
in order to protect vulnerable ecosystems, aid policy decisions
or widen the market for carbon management and trading
(e.g., Nellemann et al., 2009; Lau, 2013; Luisetti et al., 2019).
The NWES also provides a range of resources and services
to society such as seafood, natural products, aggregates for
construction, marine renewable energy and recreation (Turner
et al., 2014). It is therefore particularly important for scientists
and policy makers to understand the role of shelf seas in the
global carbon cycle, how ongoing human actions are affecting the
carbon budget and the health of these waters, and how the system
is likely to respond to future changes.
In spite of much recent progress in understanding shelf carbon
cycling on the NWES (e.g., Stahl et al., 2004; Thomas et al.,
2005; Johnson et al., 2013; Hale et al., 2017; Hicks et al., 2017;
Carr et al., 2018; Humphreys et al., 2018; Chaichana et al., 2019;
Davis et al., 2019; García-Martín et al., 2019), there is still a
great deal of uncertainty in both the mechanisms governing
carbon dynamics and the magnitudes of contemporary carbon
stocks and flows, as well as their responses to future change.
Identifying key research priorities and knowledge gaps at this
juncture is important for directing future research effort. Recent
large-scale syntheses of shelf carbon budgets have demonstrated
new insights into carbon flows on the North American shelves
(Najjar et al., 2018; Fennel et al., 2019).
Here we present the first large-scale synthesis of the carbon
budget for the NWES, including both carbon stocks and flows,
with the aim of providing a reference point for policymakers and
non-specialists as well as a baseline for future scientific study of
carbon in the region.
SCOPE AND APPROACH
This work presents temporally averaged estimates of individual
stocks and flows of carbon on the northwest European
continental shelf, using empirical data and model predictions,
and is explicit about the associated uncertainties and unknowns.
Given the disparity of methodologies and scales applied to
estimate the various stocks and flows, a balanced budget was
not expected. However, imbalances between inputs and outputs
or large uncertainties on elements of the budget highlight key
knowledge gaps and research priorities. The future impacts
of various global and regional changes on the carbon budget
were considered.
Marine and coastal carbon sinks cover a wider area than the
vegetated coastal and intertidal habitats (salt marsh, seagrasses,
and mangroves) considered by many authors as “Blue Carbon”
(Nellemann et al., 2009; Mcleod et al., 2011; Duarte, 2017).
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FIGURE 1 | A map of the northwest European continental shelf. Numbers indicate the following regions, referred to in this study. 1: Southern North Sea, 2: Central
North Sea, 3: Northern North Sea, 4: English Channel, 5: Skagerrak and Kattegat, 6: Norwegian Trench, 7: Shetland Shelf, 8: Irish Shelf, 9: Irish Sea, 10: Celtic Sea,
11: Armorican Shelf.
Sand and mud flats, macroalgae, shelf sea sediments and the flow
of water into the deep ocean are all potential net sinks for carbon
and so provide value to society (Nellemann et al., 2009; Gattuso
et al., 2018). This study synthesizes a budget for all organic and
inorganic carbon on the NWES, from intertidal habitats to the
shelf edge, here defined as the 200 m isobath. We also included
the deeper Norwegian Trench, Skagerrak and Kattegat (Figure 1).
The inshore limit was defined as the top of the intertidal zone and
estuarine environments. Riverine input includes rivers draining
into the study area shown in Figure 1, including the low-salinity
Baltic Sea outflow.
Carbon stocks on the NWES were divided into coastal, pelagic
and benthic components. The coastal component of our budget
includes intertidal habitats such as salt marshes, mud flats and
sand flats, as well as seagrass beds and kelp forests. The benthic
component includes the shelf sediments in regions 1–11 of
Figure 1, including fjords. Slope sediments deeper than 200m,
including submarine canyons, are known to store significant
amounts of carbon exported from the shelf (Walsh, 1991; Buscail
and Germain, 1997; Masson et al., 2010). However, these fall
outside of our study area and are therefore not quantified.
The pelagic component includes particulate and dissolved
carbon in the water column. The following fluxes (flows) of
carbon into, out of and within the NWES were quantified: air-
sea CO2 flux; riverine input; cross shelf exchange; pelagic-benthic
flux; CO2 flux between coastal habitats and the atmosphere;
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exchange between coastal habitats and the water column; carbon
burial within coastal habitats; burial of kelp carbon in sediments.
These stocks and flows were subdivided into various types,
based on biogeochemical and geographic separations as described
below. Where possible, organic and inorganic, and particulate
and dissolved carbon were quantified separately. Present-day
estimates of the stocks and flows of carbon, by type, were
quantified in per-area or per-volume units and scaled to the whole
NWES. This scaling approach allows the consideration of habitats
and ecosystem components that are too patchy to represent in
regional or global models and allows the relative magnitude of
various stocks and flows to be assessed.
The best method of dividing a complex budget for this type
of observation-based scaling approach cannot be determined
a priori. Instead, the division of the budget into types was
determined by the resolution and variability of the available data
for each stock or flow. Thus, each part of the budget was divided
to ensure that the available data were representative of the stock
or flow in question, whilst attempting to minimize the aliasing
of temporal and spatial variability. Details of the full budget
synthesis, including stocks and flows for each type, are given in
the Supplementary Material Part A.
The water column of the NWES is strongly spatially and
seasonally variable with respect to carbon stocks and flows.
Strong interannual variability has also been observed in both
dissolved inorganic carbon (DIC) and dissolved organic carbon
(DOC) concentrations and air-sea CO2 fluxes (Clargo et al.,
2015; Hartman et al., 2018; Carr et al., 2018; Humphreys et al.,
2018; Chaichana et al., 2019; Kitidis et al., 2019). Because of
this variability and the patchy coverage of data (both in time
and space), the water column was treated as a single box in the
budget. Similarly, cross-shelf exchange was considered as a single
estimate for each carbon type in the budget.
Sediment carbon stocks and benthic-pelagic fluxes were
calculated using different spatial divisions to each other, due
to differences in data availability. Observations and modeling
(Diesing et al., 2017; Wilson et al., 2018) allowed carbon stocks
to be resolved at a regional level so the seabed of the NWES was
divided into 13 areas (the 11 regions in Figure 1, plus sediment
in Scottish lochs and Norwegian fjords). Benthic-pelagic fluxes
were estimated over the whole shelf area due to data paucity,
with the exception of lochs, fjords, the Norwegian Trench and
the Skagerrak and Kattegat, which were quantified separately.
Only carbon in the top 0.1 m of sediment was considered when
quantifying benthic and coastal carbon stocks, following the
protocol used in previous studies (Burrows et al., 2017; Diesing
et al., 2017; Luisetti et al., 2019; Queirós et al., 2019). This depth
does not reflect the vertical limit of carbon storage, which is
likely to vary across coastal and benthic habitats with sediment
type, degree of bioturbation, and sedimentation rate. However,
it provides a useful benchmark for comparison of different
sediment types and with previous studies. We acknowledge
that any fixed depth boundary is somewhat arbitrary and in
reality surface sediment will vary in carbon content, age, depth
and sedimentation rate [e.g., outside river mouths and fjords
have higher sediment accumulation rates than continental shelf
sediments (Smith et al., 2015)].
Benthic and pelagic measurements of POC and PIC
inevitably include some but not all living biomass. For example,
phytoplankton and small zooplankton are typically included
in pelagic POC measurements, but larger organisms are not
captured in oceanographic sampling and are thus omitted.
Similarly, large benthic epifauna and infauna are not normally
captured in sediment stock estimates. Higher trophic levels are
not usually included in biogeochemical budget studies but do
make a contribution to the standing stock of carbon in benthic
and pelagic habitats so we estimated the size of these living carbon
stocks, based on the available data for the region (de Wilde et al.,
1986; Sparholt, 1990; Mackinson and Daskalov, 2007).
The coastal component of the budget was divided into four
habitats considered to contain the largest carbon stocks: salt
marshes, seagrass beds, kelp forests and mud/sand flats. Due to
differences in the structure and function of these habitats, their
stocks and flows were considered separately. The sediment in
salt marshes, seagrass beds and mud/sand flats is an integral
part of these habitats and also contains the vast majority of their
carbon. The carbon stocks quantified for these habitats therefore
includes both sediment and living material. For consistency with
the benthic component, only the top 0.1 m of sediment in salt
marshes, seagrass beds and mud/sand flats were quantified.
Recent work has highlighted the potential role of macroalgae
in contributing to carbon sequestration (Krause-Jensen and
Duarte, 2016; Krause-Jensen et al., 2018; Queirós et al., 2019).
The dominant group of macroalgae in Europe is kelp (Araujo
et al., 2016), which is thought to contribute more to carbon
sequestration than smaller, shorter-lived groups of macroalgae
(Krause-Jensen et al., 2018). As kelp attaches primarily to hard
substrata, any organic matter exported from kelp forests that
is subsequently buried is quantified here as a flux of carbon
from kelp to sediments. Kelp forest carbon stock presented here
represents only the living kelp fronds.
Intertidal habitats exchange carbon directly with the
atmosphere when exposed and the majority of primary
production measurements in these habitats are taken during
tidal emersion (Underwood and Kromkamp, 1999; van Colen
et al., 2014; Nedwell et al., 2016). We know little about the carbon
exchanges in salt marshes and mud/sand flats when submerged
(Hanlon et al., 2006; McKew et al., 2013), so the exchange of
carbon between the water column and these intertidal habitats
was quantified as the residual of atmospheric CO2 uptake and
burial. The uptake of CO2 from the atmosphere in salt marshes
and mud/sand flats was quantified whereas seagrass beds and
kelp forests exchange carbon only with the water column
and/or sediment.
THE CONTEMPORARY CARBON
BUDGET
The stocks and flows of marine and coastal carbon on the NWES
are summarized in Figure 2 and are expressed in units of Tmol
(1012 moles of carbon) and Tmol year−1, respectively. For each
stock and flow a range of possible values is determined based
on the data synthesis and calculations presented in full in the
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FIGURE 2 | A summary of the carbon budget of the north west European shelf. Stocks (blue) are given in units of Tmol (1012 moles of carbon) and flows (black
arrows) are given in units of Tmol year-1. Ranges are based on a synthesis of literature values (Supplementary Material Part A).
Supplementary Material. In this section, we consider individual
components of the budget synthesized in Figure 2. The benthic
and coastal components of the budget are summarised in
Figures 3, 4, respectively. Knowledge gaps and research priorities
are identified and these are summarized in Figure 5 at the end
of this section.
Atmospheric CO2 Uptake
Large-scale modeling and observational studies of air-sea CO2
flux in the seas around northwest Europe find these waters to
be a net sink of atmospheric CO2 of between 1.3 and 3.3 Tmol
year−1 (Wakelin et al., 2012; Shutler et al., 2016; Kitidis et al.,
2019) (Figure 2). Recent NEMO-ERSEM (European Regional
Seas Ecosystem Model) (Butenschön et al., 2016) output for
the period 1990–2015 estimates an air to sea CO2 flux of 2.9
Tmol year−1 which is consistent with this range. While there
is consensus that the NWES as a whole is a net CO2 sink,
regional studies within the NWES have a wide range of per-unit
area air-sea CO2 flux estimates, with specific areas ranging from
a weak source to a strong sink of CO2 (Thomas et al., 2004;
Borges et al., 2006; Laruelle et al., 2014; Hartman et al., 2018).
Understanding the shelf uptake of CO2 and the processes driving
it are a key part of the shelf carbon budget and thus it is essential
that surface ocean carbonate system measurements continue to
be made and synthesized across the shelf (Bakker et al., 2016),
along with synoptic scale atmospheric and sea state observations.
Monitoring of this sink is important as it is likely to change with
time, particularly as atmospheric CO2 concentrations and sea
temperatures continue to increase.
The magnitude of the shelf-wide air–sea CO2 flux estimate
is strongly affected by the choice of the boundary between the
continental shelf and the open ocean. Upwelling at the shelf break
brings cold, nutrient rich water driving primary productivity
and high CO2 uptake near the shelf break (Shutler et al., 2016).
A relatively small change in the horizontal location of the shelf
sea boundary definition can therefore have a significant impact
on the estimated net exchange. Changing the shelf edge definition
from the 200 m isobath to the 1000 m isobath increases the
shelf area by roughly 18% but increases net air–sea flux by up
to 42% (Shutler et al., 2016; Kitidis et al., 2019). To ensure that
our estimates are comparable to the majority of the literature we
used the 200 m isobath and therefore the lower range of possible
CO2 uptakes.
The largest unknown on shelf-wide air-sea CO2 flux is the
contribution of near shore waters. The intertidal habitats (salt
marshes, mud flats and sand flats) are a net sink of atmospheric
CO2 when exposed (Figure 4). However, subtracting burial rates
from this uptake of atmospheric CO2 suggests that these habitats
are, overall, net sources of carbon to the water column (Figure 4).
This coastal input of carbon to the water, combined with riverine
inputs, makes near-shore waters a likely net source of CO2 to the
atmosphere (Borges et al., 2005, 2006; Chen and Borges, 2009;
Laruelle et al., 2010). As the majority of CO2 measurements
used to quantify air-sea flux on the NWES are taken outside
of these coastal and estuarine areas, observation-based estimates
of shelf-wide CO2 uptake are likely to be overestimated. The
complex tapestry of habitats makes coastal carbon fluxes difficult
to model and we suggest that more observations of air-sea CO2
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FIGURE 3 | The benthic concentration of particulate inorganic carbon (left) and particulate organic carbon (right), modeled using PIC and POC data and a suite of
predictor variables (Supplementary Material Part A).
flux in near-shore waters are needed to quantify the size and
variability of this flux (Kuwae et al., 2016) and thus better
constrain the shelf-wide air-sea CO2 flux.
Riverine Input
Rivers are estimated to deliver between 2.3 and 5.0 Tmol year−1
of carbon to the seas of the NWES (Figure 2), with between 0.2
and 2.4 Tmol year−1 as organic matter. These values are based on
discharge data, measured carbon concentrations and modeling
studies (Abril et al., 2002; Thomas et al., 2005; Lenhart et al.,
2010; Artioli et al., 2012; Wakelin et al., 2012; Jarvie et al., 2017).
Riverine carbon input was calculated using climatological river
discharge data and therefore does not account for interannual
variability of river flow. Measurements show that the discharge
of individual rivers and the Baltic Sea outflow can be highly
variable between years due to variations in weather and human
interventions (Omstedt et al., 2004; Kwadijk et al., 2016), and that
carbon loadings vary with flow (Mehring et al., 2013). Interannual
variability in the riverine flux of carbon and nutrients to shelf
seas is very likely to cause variability in other components of the
NWES carbon budget.
Estimation of riverine carbon flux is hindered by a lack of
observational data as most nations do not routinely measure
sufficient parameters to quantitatively assess carbon fluxes
with well constrained uncertainties. For example, rather than
being measured directly, riverine inorganic carbon flux is
commonly calculated from empirical relationships of DIC and
total alkalinity (TA) derived from salinity data, which relies on
a series of underlying assumptions, and the results can therefore
be subject to increased uncertainties (Cai et al., 2010; Artioli
et al., 2012; Land et al., 2015). More frequent and coordinated
observations of carbon concentrations or the parameters required
to derive these (e.g., carbonate system variables) within major
river systems would help to refine these estimates. The values
for riverine organic carbon inputs to the NWES used in model
simulations are particularly important to better constrain as
these will have direct impacts on the predictions of DOC
concentrations and ecosystem responses, with knock-on effects
for air-sea CO2 flux estimates.
Pelagic Stocks and Processes
Pelagic stocks represent a significant component in the carbon
budget (210–230 Tmol) with DIC dominating the pelagic budget
(93–97% of total pelagic carbon). DOC occupies a further 2–5%
with the remainder comprising a minor contribution from
POC, PIC and macrofauna (Supplementary Material). Ranges
of DIC, DOC, PIC and POC concentrations were based on
measurements and model results (Buitenhuis et al., 1996; Weston
et al., 2004; Thomas et al., 2005; Suratman et al., 2009; Salt
et al., 2013; Poulton et al., 2014; Clargo et al., 2015; Hartman
et al., 2018; Painter et al., 2018; Chaichana et al., 2019; Davis
et al., 2019) and were multiplied by the volume of water on
the shelf (9.91 × 1013 m3, Wakelin et al., 2012) to give total
carbon stocks. The non-DIC component of the pelagic carbon
budget (approximately 6–16 Tmol) is large relative to coastal
habitats (see section “Coastal habitats”) and potentially sensitive
to anthropogenic influence (see section “Responses of Carbon
Stocks and Flows on the NWES to Future Changes”).
The pelagic system is important not only because of large
stocks but also because of the processes which lead to carbon
uptake, processing and export (recently termed the “engine of
productivity,” Kröger et al., 2018), which ultimately control the
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FIGURE 4 | A breakdown of the carbon budget in coastal habitats of the north west European shelf. Ranges are based on a synthesis of literature values.
Saltmarshes: Boorman (2003), Wood et al. (2015), Dijkema (1991), Davidson et al. (1991), Skov et al. (2016), Thornton et al. (2002), Barillé-Boyer et al. (2003),
Beaumont et al. (2014), Burrows et al. (2014), Luisetti et al. (2019), Mcowen et al. (2017), Artigas et al. (2015), and Houghton and Woodwell (1980). Mud and sand
flats: Maddock (2008), Dijkema (1991), Barillé-Boyer et al. (2003), Thornton et al. (2002), Adams et al. (2012), Nedwell et al. (2016), Underwood et al. (2016), and
Wood et al. (2015). Seagrass beds: Maddock (2008), Essink et al. (2005), Fourqurean et al. (2012), Burrows et al. (2017), and Duarte (2017). Kelp forests: Burrows
et al. (2014), Krause-Jensen and Duarte (2016), and Krause-Jensen et al. (2018). Full synthesis details given in Supplementary Material Part A.
magnitude of the continental shelf carbon pump. The majority
of pelagic DIC originates from and returns to the open ocean
via cross-shelf exchange and could be considered a “spectator”
in the shelf carbon cycle. However the marginal changes in DIC
concentration ultimately drive the uptake of atmospheric CO2
by shelf waters and are therefore key to the active carbon fluxes
through the system.
Organic carbon is produced in situ from CO2 in the
water column by primary production. This transformation from
inorganic to organic pools is usually limited by nutrient (mostly
nitrogen) availability. Most studies conclude that the majority
of pelagic primary production on the NWES is supported by
nutrient inputs from the open ocean (e.g., Vermaat et al., 2008;
Holt et al., 2012; Ruiz-Castillo et al., 2018) and therefore, it is
key to the functioning of the shelf carbon pump that whilst
there is net cross-shelf export of carbon, there is net import of
nutrients. Furthermore, the role of transport and circulation in
the dynamics of carbon uptake has recently been highlighted,
both in terms of transport of riverine material to the shelf
break and exchange of carbon between the shelf and open ocean
(Sharples et al., 2016; Humphreys et al., 2018; Chaichana et al.,
2019). Ultimately, the production and processing of organic
matter is likely a key factor in the ability of shelf seas to take
carbon up from the atmosphere, in spite of heavy riverine carbon
loadings (e.g., Humphreys et al., 2018).
Organic matter may be flocculated and buried, photolyzed,
outgassed, or exported into the open ocean. The production of
refractory DOC in coastal waters may reduce the amount of
carbon which is remineralized on the shelf, thereby reducing the
amount of CO2 released to the atmosphere and strengthening the
shelf carbon pump (Kuwae et al., 2016). However, the amount of
this coastal DOC which crosses the shelf break is largely unknown
(Painter et al., 2018). Labile terrigenous organic matter is likely
respired in estuaries and coastal waters, contributing to the net
efflux of CO2 from these near-shore waters to the atmosphere
(Cai, 2011; Bauer et al., 2013; Regnier et al., 2013). CO2
emissions from European estuaries alone represent 5–10% of
Western Europe’s anthropogenic CO2 emissions (Frankignoulle
et al., 1998). Some terrigenous DOC (tDOC) is flocculated and
buried within shelf and ocean sediments, contributing up to
30% to ocean sedimentary burial (Burdige, 2005; Kandasamy
and Nagender Nath, 2016). More refractory tDOC may be
transported far from the coast and even off-shelf. In the Celtic
Sea, up to 30% of DOC at the shelf edge is of terrestrial origin
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FIGURE 5 | The key knowledge gaps and research priorities in the contemporary carbon budget for the north west European shelf.
(Carr et al., 2018), whereas a study in the North Sea suggests
that little tDOC reaches the open ocean (Painter et al., 2018).
These contrasting results suggest that regional dynamics play an
important role in the transport of terrigenous material across
the shelf. It has long been recognized that the fate of terrestrial
organic matter in the ocean is a key knowledge gap in the global
carbon cycle (e.g., Hedges et al., 1997) and this remains an
intriguing gap in our understanding of the shelf sea carbon cycle.
The Natural Environment Research Council (NERC) funded
LOCATE (Land Ocean Carbon Transfer) program is currently
tackling this key unknown through combined observations and
modeling effort1.
Outputs to Benthic Storage and the
Open Ocean
Modeling studies predict small net carbon flux to the sediments
and suggest that carbon inputs to the NWES are largely balanced
by net off-shelf transport (Wakelin et al., 2012; Butenschön et al.,
2016). The estimated net off-shelf transport of between 3.5 and
8.2 Tmol year−1 is the residual of much larger exchanges across
the shelf break which are net on-shelf in the upper water column
and net off-shelf below the permanent pycnocline (Wakelin
et al., 2012). Our estimates of cross-shelf carbon transport
rely on modeling results due to the limited spatial coverage
of observations. Quantification of cross-shelf carbon transport
requires knowledge of both the physical exchange of water masses
1http://locate.ac.uk
and the carbon content of these water masses. Recent work has
improved our understanding of the physical processes at the shelf
edge (Porter et al., 2016; Spingys, 2017) but the total exchange
of water and particularly carbon across the shelf edge remains
poorly constrained by observations. In situ biogeochemical and
physical measurements in key locations across the shelf break
using moorings and gliders in combination with synoptic-scale
monitoring from satellite data, could help to resolve this key
unknown in the carbon budget of the shelf.
A widespread feature of continental shelf slopes which
requires particular research effort in terms of impact on the
carbon budget is submarine canyons. The heads of many canyons
incise the edge of the NWES (Harris and Whiteway, 2011)
and they are known to enhance shelf-edge exchange through
advection and mixing, and can act as major conduits of dissolved
and particulate matter from shallow to deep water (Allen and
Durrieu De Madron, 2009; Puig et al., 2014). A recent study
found that reducing the grid spacing in the AMM (Atlantic
Margin Model) from 7 km to 1.5 km allowed smaller scale
features such as canyons to be resolved, which contributed to
stronger downwelling circulation in the higher resolution model
(Graham et al., 2018). The models used here to estimate cross-
shelf exchange do not resolve submarine canyons and this is
clearly a priority for future work.
The wide range of net benthic burial estimates (−2.2 to
6.0 Tmol year−1; Supplementary Material Part A) reflects our
limited knowledge of pelagic-benthic carbon fluxes, including
their spatial distribution (Stahl et al., 2004; Burrows et al., 2017;
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Diesing et al., 2017; Queirós et al., 2019). Most POC delivered
to the sea bed is thought to be oxidized through aerobic
respiration and sulfate reduction (Krumins et al., 2013) but
observational measurements of POC deposition and especially
DIC release are scarce. Recent data suggests that these fluxes
can be highly variable seasonally and that POC burial may be
greater than expected from our current modeling, depending
on processes varying temporally and spatially (Snelgrove et al.,
2018; Queirós et al., 2019). Furthermore, a substantial proportion
of the empirical benthic carbon data is derived from cohesive
sediment studies, with the exception of a few (e.g., Boudreau
et al., 2001; Precht and Huettel, 2003; Rao et al., 2008; Burt
et al., 2014; Aldridge et al., 2017), yet the wide spatial coverage
of permeable sediments on the shelf means there is likely to be an
underestimation of the influence of advective flow on the carbon
dynamics within benthic stocks (Boudreau et al., 2001; de Beer
et al., 2005). More data, from a range of sediment types across
the shelf and a better coverage of seasonality (measurements of
carbon fluxes as well as physical and biological process rates) are
needed to better quantify the balance of POC deposition and DIC
release throughout the year. This would markedly improve the
ability of modeling studies to constrain the net flux of carbon
between the water column and the sea bed.
Given the paucity of existing observations and the range
of estimates for both pelagic-benthic exchange and cross-shelf
transport, the relative importance of these fluxes in driving
the uptake of atmospheric CO2 remains uncertain. Clarifying
the balance between burial and off-shelf transport of carbon
is an important piece in the puzzle of how the NWES
sink of atmospheric carbon will respond to future changes.
A key challenge in addressing this subject is to develop and
integrate numerical models that are simultaneously capable
of (i) generating estimates of terrigenous carbon entering
aquatic ecosystems, (ii) transporting this material to and within
the ocean, and (iii) representing the various removal and
modification processes that act upon it as it traverses the land
ocean continuum.
Benthic Stocks
Figure 3 shows the particulate organic and inorganic carbon
stocks in the top 0.1 m of sediment of the NWES. Stocks of POC
were calculated using observed relationships between POC data
and various predictor variables (Diesing et al., 2017; Wilson et al.,
2018), substantially extending the analysis in Diesing et al. (2017)
to the whole of the NWES. Particulate inorganic carbon (PIC)
stock was estimated using the same approach (Supplementary
Material) but was done for the first time as a part of this study.
We find that PIC stocks dominate the benthic budget, accounting
for roughly 95% of the 520–1600 Tmol of carbon stored in the
sediment. Shelf sediments are dominated by permeable (sandy)
sediment (Boudreau et al., 2001; Hall, 2002; Glud, 2008; Rao et al.,
2008; Hicks et al., 2017) which typically have lower organic and
higher inorganic carbon concentrations compared to cohesive
(muddy) sediments. The distribution of PIC in shelf sediments
aligns with the coverage of permeable sediments (Wilson et al.,
2018), particularly in areas of high carbonate sediments such as
the Shetland and Orkney Islands (see Figure 3).
Particulate inorganic carbon is deposited in sediments via
authigenic precipitation (within the sediment) of calcium
carbonate, and from sedimentation of calcium carbonate rich
biogenic material (such as coccolithophores), and may be linked
to decomposition of organic carbon (Yu et al., 2018). Burial of
inorganic carbon linked to the formation of calcium carbonate
can account for up to 80% of carbon removed from the
carbon cycle (Sun and Turchyn, 2014). Organic carbon that
sinks to the seabed is processed by macrofauna, meiofauna,
and microbes (Hicks et al., 2017; Middelburg, 2018), and
eventually microbial oxidation converts the organic carbon into
inorganic carbon, which is usually in dissolved form (Sun and
Turchyn, 2014). Most of this will diffuse back into the water
column, or form authigenic carbonate (Sun and Turchyn, 2014).
Although inorganic carbon constitutes a significant amount
within marine sediments, the relative contribution of authigenic
carbonate formation is relatively unknown (Schrag et al., 2013;
Sun and Turchyn, 2014).
The highest POC concentrations are generally associated with
muddy sediments (de Haas et al., 1997). However, the greater
spatial extent and greater dry bulk density of coarse grained
sediments means that much of the POC stored on the shelf is
in coarse-grained sediments (Diesing et al., 2017). The largest
stock of POC per unit area is the Norwegian Trench, which stores
between 54 and 120 mol m−2 of POC, while estimates of POC
stock for other regions on the shelf range from approximately
12–60 mol m−2. The relatively deep Norwegian Trench forms a
major sink for North Sea sediments because the lower current
velocities and wave energy allow fine sediments to settle out of
suspension (de Haas et al., 1997).
Estimates of benthic carbon stocks have a large associated
uncertainty compared to the carbon stored in the overlying
water column. This is largely due to the high spatial variability
combined with a very large range in per-unit area carbon
storage in the sediments (Figure 3) compared to the water
column, where DIC is dominant and has a relatively constant
and well constrained concentration. Future research should
aim to characterize the sediment depth profile of organic and
inorganic carbon in sediments across the shelf, to allow better
quantification of carbon stocks and to better define the zone
of active organic carbon degradation, below which carbon can
be considered as removed from the active surficial carbon
cycle (Keil, 2017). Considering the multiple influences affecting
carbon cycling on the NWES (see section “Responses of Carbon
Stocks and Flows on the NWES to Future Changes”), it is
possible that benthic carbon stocks are changing spatially and
temporally in response to anthropogenic influence. Carbon
stocks and flows on the NWES may also be changing over much
longer timescales; these shelf seas are the product of post-glacial
sea level rise and relict terrestrial carbon in shelf sediments
may be being slowly remineralized over millennial timescales
(de Haas et al., 2002).
Both the pelagic and benthic carbon stocks are dominated by
inorganic carbon, with organic compounds only accounting for
roughly 5% of carbon stocks overall. A key difference between the
pelagic and benthic stocks is the likely residence time of inorganic
carbon. In the water column, much of the carbon is available
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for exchange with the atmosphere (i.e., in inorganic form) and
shelf waters, and thus the carbon they contain, exchanges with
the open ocean on the timescale of a few years. In the sediment
however, the residence time of inorganic carbon is much longer.
Most of the carbon exchange between water and sediment
involves the deposition of POC, followed by its oxidation and
release to the water as dissolved compounds (Krumins et al.,
2013). By contrast, the flux of PIC to the seafloor is much smaller
(Krumins et al., 2013; Burrows et al., 2017) but can remain in the
sediment for centuries or millennia. It is important to note that
over long timescales this PIC stock represents a large carbon store
(subduction being the long-term sink for atmospheric CO2 in the
global carbon cycle). However, the production of PIC indirectly
results in release of CO2 to the atmosphere on short timescales
(Frankignoulle et al., 1994), due to the consumption of alkalinity,
and so PIC production also modulates the oceanic sink of CO2
(Shutler et al., 2013).
Coastal Habitats
Previous research has focused on salt marshes and seagrass
beds as these are considered particularly intense carbon sinks
in temperate regions (Duarte et al., 2005; Nellemann et al.,
2009; Luisetti et al., 2019). Awareness of the importance of these
vegetated coastal habitats as carbon sources and sinks is growing,
although they continue to be under-represented in large scale
carbon budgets (Duarte, 2017).
Total coastal carbon stocks and flows in these habitats
(Figure 4) are small compared to pelagic and benthic
components (Figure 2). The vegetation and top 0.1 m of
sediment in these habitats represent a stock of carbon of 0.7–
3.4 Tmol. Salt marshes store more carbon per unit area than
other coastal habitats and also bury the most carbon per unit
area on an annual basis. Over the whole NWES, however, mud
and sand flats contain more carbon due to their areal extent
of between 1 × 1010 and 1.8 × 1010 m2. Seagrass beds store
35–64 mol C m−2 and take up between 0.7 and 7 mol m−2
from the water column annually. Their small total area means
that seagrass beds make a small contribution to the coastal
component of the NWES carbon budget.
Carbon stocks in kelp forests are small per unit area compared
to other coastal habitats because kelp attach to hard substrata
and sediments do not accumulate. Although their standing stock
is relatively small, kelp species are highly productive, converting
10–100 moles of inorganic carbon into organic matter per square
meter per year (Burrows et al., 2014). However, the proportion
of this organic matter which is remineralized and released back
into the water column compared to the proportion which is
buried in the sediment is largely unknown. Organic matter from
kelp forests is also exported to other coastal habitats where
it can enter benthic carbon stocks though this process is still
largely unconstrained given the limited availability of existing
data (Krause-Jensen et al., 2018; Smale et al., 2018; Queirós et al.,
2019). Without a better understanding of the fate of this organic
matter, it is difficult to accurately quantify its contribution to
the net coastal to pelagic carbon flux and the net burial of kelp
in the sediment. Considering the area of kelp forests on the
NWES of between 9.6 × 109 and 1.5 × 1010 m2 (based on
Burrows et al., 2014), this represents a significant knowledge gap
in the coastal carbon budget. The fate of primary production in
coastal habitats as a whole is a key unknown – measurements
of primary production alone do not provide information about
how much of this fixed carbon is remineralized and how much is
stored long-term in sediments.
The percentage uncertainties associated with the coastal
carbon stocks are large compared to those associated with
the pelagic and benthic components (Supplementary Material
Part B). This is caused partly by uncertainty on the per unit
area stock estimates in coastal habitats but is also due to
uncertainty on the areal extent of these habitats across the
NWES. More comprehensive mapping of these coastal habitats
across the NWES would help to constrain the coastal carbon
budget. However, the spatial heterogeneity of these habitats,
and high levels of temporal variability across seasons in process
rates (Thornton et al., 2002; Bohórquez et al., 2017) adds
to the challenges of accurately quantifying shelf-wide carbon
stocks and flows.
Although the total stocks and flows of carbon in coastal
habitats may be small compared to the pelagic and benthic
components, these coastal habitats play an important role in
the biogeochemical and ecological functioning of the shelf
sea system as a whole. Coastal habitats acts as nutrient sinks
(Jickells et al., 2000; Nedwell et al., 2016), thereby reducing
eutrophication in coastal seas as well as storing carbon. Coastal
areas also provide important marine nurseries (Green et al., 2009)
and directly benefit the adjacent human population through
natural sea defense, recreation opportunities and fisheries
(Turner et al., 2014).
RESPONSES OF CARBON STOCKS AND
FLOWS ON THE NWES TO FUTURE
CHANGES
Here we consider a range of potential influences on future
carbon stocks and flows on the NWES. The likely effect of a
range of future changes on coastal, benthic and pelagic carbon
stocks and flows is summarized in Figure 6 and discussed in the
following sections. Note that we do not discuss every potential
influence, rather we focus on the 6 future changes likely to be
most significant for each of coastal, benthic and pelagic systems.
Sea Level Rise
Sea levels have risen on the NWES by an average of 0.1–0.2 cm
year−1 over the course of the 20th Century (United Kingdom
data, Horsburgh and Lowe, 2013) and rates of sea level rise
are likely to increase over coming decades. Under a medium
emissions scenario sea level is expected to rise by between 20 and
105 cm in many parts of the NWES coasts by 2100 (Lowe et al.,
2009; Katsman et al., 2011).
Sea level rise can cause the erosion, drowning and loss of
intertidal habitats, especially where these habitats are prevented
from migrating laterally and vertically by, for example, hard
sea defenses. Nearly all tidal salt marshes in Great Britain are
expected to be in retreat by 2100 (Horton et al., 2018). Soft
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FIGURE 6 | The expected impact of key future changes on coastal, pelagic
and benthic carbon stocks, considered in isolation to each other. Arrow
direction indicates whether the stock in question is expected to increase or
decrease given the influence on the left, and the color of the arrow represents
the confidence we have in this expected change, with white, gray and black
representing low, medium and high confidence, respectively. Question marks
indicate that the stock is expected to change but the overall direction of the
change is unknown. Influences which are directly manageable within the study
region are shaded in blue. Only the 6 most important or potentially important
influences (in the view of these authors) are considered for each system
(benthic, pelagic and coastal).
management options, which have been used increasingly over
the past couple of decades, can slightly reduce the loss of area
(Luisetti et al., 2013). A reduction in the area of salt marshes and
mud flats will reduce the amount of carbon they sequester, and
the erosion of sediment in these habitats may reduce their carbon
stocks, although the preservation of these sediments depends on
the rate of sea level rise (Andrews et al., 2012).
Given the estimates of habitat area losses due to sea level rise
(Nottage and Robertson, 2005; Jones et al., 2011; Luisetti et al.,
2019) we calculate a decrease in the combined burial of carbon
by salt marshes, mud and sand flats, and seagrass beds of between
0.3× 108 and 13× 108 moles of carbon per year (Supplementary
Material Part C). This estimate does not include a loss of carbon
stock in these habitats. The loss of stocks is hard to predict but
may be significant if sediments are eroded and remineralized as a
result of sea level rise.
Riverine Nutrient Inputs
Globally, there has been an increase in riverine nutrient inputs
to coastal oceans due to agricultural fertilizers and other
anthropogenic sources since the onset of industrial agriculture
(Jickells, 1998; Seitzinger et al., 2010; Bauer et al., 2013).
In Europe however, riverine phosphate concentrations have
decreased steadily since 1992, largely due to improvements in
wastewater treatment, and nitrate inputs have stabilized and are
likely to decrease in the future (Grimvall et al., 2000; European
Environment Agency [EEA], 2015a). While the concentration
of nutrients in rivers discharging into European shelf seas
is directly manageable, the amount of runoff is determined
by precipitation which is not manageable on a regional scale
(McMellor and Underwood, 2014; Wakelin et al., 2015). Winter
precipitation and river flows are expected to increase across
northern Europe (European Environment Agency [EEA], 2015b),
leading to increased discharge into the North Sea from rivers
and the Baltic. The net effect of increasing runoff and decreasing
nutrient concentrations on the total amount of nutrient input to
the shelf is uncertain.
Changes in nutrient input are likely to cause changes in
the uptake and storage of carbon through the impact on
primary production and the resulting change in uptake of DIC,
production of DOC and delivery of POC to the sea bed. This
impact will be especially strong in near-shore waters and coastal
habitats, near to the terrestrial point sources of nutrients. Outside
of the highly productive coastal zone, most primary production
on the NWES is thought to be driven by oceanic nutrient input
(Holt et al., 2012; Große et al., 2017; Ruiz-Castillo et al., 2018).
While most estuarine and coastal waters are net sources of CO2
to the atmosphere (Borges et al., 2005), high inorganic nutrient
inputs can lead to partial inhibition of these emissions or even
to coastal waters being a net sink of atmospheric CO2 (Kuwae
et al., 2016). Studies of Dutch and Belgian coastal waters suggest
that decreasing nutrient inputs from rivers, due to increased
regulation of discharges since the 1980s, has led to reduced
primary production and decreasing pH (Borges and Gypens,
2010; Provoost et al., 2010). A reduction in nutrient inputs is
likely therefore to weaken the net uptake of atmospheric CO2
by the NWES, or conversely an increase in nutrient inputs may
enhance carbon uptake, but the magnitude of these changes are
highly uncertain.
Increasing nutrient inputs to the coastal seas is not a valid
management technique because large amounts of greenhouse
gases are released during the manufacture of fertilizers (e.g.,
Hasler et al., 2015), acting against any increase in the marine CO2
sink that might be caused by agricultural runoff. Intense near-
shore productivity, associated with riverine nutrient inputs, is
also associated with methane and N2O release (Upstill-Goddard,
2011; Bakker et al., 2013) so the net effect on climate of
increased productivity related to riverine nutrients is unclear.
Furthermore, eutrophication in coastal areas has several other
negative impacts including reduced biodiversity and damage
to recreation and coastal fisheries (Aertebjerg et al., 2001).
Vegetated coastal habitats are especially vulnerable to elevated
nutrients; seagrass beds and salt marshes can be damaged by
algal growth caused by eutrophication, potentially reducing the
ability of these habitats to store carbon long-term (Orth et al.,
2006; Airoldi and Beck, 2007). Conversely, where eutrophication
is reduced through management options, then productivity may
decline, and species may change (Underwood and Kromkamp,
1999; McMellor and Underwood, 2014).
Changing riverine inputs may affect the ability of marine and
coastal systems to sequester carbon, although the mechanisms
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involved are poorly understood and there are a lack of time
series observations. Mechanisms include the effect of changing
nutrient stoichiometry on the phytoplankton community (and
how this in turn impacts higher trophic levels and carbon export);
the impact of terrestrial organic matter C:N stoichiometry
and the role of inorganic nitrogen and phosphorous in
making terrestrial and marine refractory DOM bioavailable for
breakdown (Bauer et al., 2013; Jiao et al., 2014; Chaichana
et al., 2019); and the role of anoxic remineralization in
eutrophied systems in adding alkalinity to the system and
therefore resulting in a net uptake of atmospheric CO2
(Thomas et al., 2009).
Overall, it is likely that elevated nutrient inputs would lead
to increased primary production and increased carbon burial on
the shelf, and possibly affect off-shelf carbon transport. However,
this simplistic view neglects the wider deleterious impacts of
increased nutrient inputs to shelf seas.
Protection of Coastal and Marine
Habitats
The degradation of coastal habitats or conversion to other uses,
such as agriculture or industry, potentially exposes stored organic
carbon to oxygen, allowing microbial activity to release carbon.
Habitat destruction therefore normally results in a decrease in
carbon sequestration and decreased carbon stocks. Between 25
and 100% of carbon stock is lost when coastal habitats are
destroyed or converted to other uses (Pendleton et al., 2012).
Given this range and that of carbon stocks in coastal habitats
(Figure 4), we calculate that the destruction of 1 ha of mud/sand
flat, salt marsh or seagrass bed would reduce the carbon stocks by
1× 105–1.4× 106, 5× 105–3.6× 106, and 1× 105–6× 105 mol,
respectively. Given that we only account for the top 0.1 m of
sediment in this budget, these loss estimates are likely to be
highly conservative.
Protection of coastal habitats therefore protects these carbon
stocks and also maintains the flows of carbon in these habitats.
A reduction in disturbance may allow greater biomass, potentially
increasing both the standing stock of carbon and the storage
of buried organic matter. Protection of coastal habitats also
maintains the numerous co-benefits that they provide, such
as natural sea defense, leading to reduced flood risk (Jones
et al., 2011); social and recreation benefits; the provision of
habitats which are important for many coastal species and the
uptake of nutrients, especially nitrogen (Jickells et al., 2000;
Nedwell et al., 2016). Coastal land use management can also
include positive interventions around habitat (re)creation and
restoration (Cousins et al., 2017). The riverine input of carbon
and nutrients to coastal habitats is strongly influenced by land use
management throughout the river catchment, especially urban
development, agricultural practices, forestry and upstream dams
(Pendleton et al., 2012).
The protection of areas further offshore is also likely to impact
the carbon budget of the shelf and may have added value in
conserving sediment carbon stocks (Avelar et al., 2017; Howard
et al., 2017). While Marine Protected Areas (MPAs) are primarily
designated to protect biodiversity through regulation of human
activities, the reduction in benthic disturbance may also increase
the carbon stock (see section “Trawling”). We have medium
confidence that the existence of MPAs increases and protects
carbon stocks, particularly inorganic carbon sediments relating
to coral structures (Burrows et al., 2017). MPAs are manageable
and of increasing spatial importance on the NWES. MPAs and
Special Areas of Conservation (SACs) also provide a valuable
monitoring opportunity because routine observations of carbon
stocks and flows in protected and unprotected areas could help
us to understand the impact of various direct influences, such as
trawling, on the shelf sea carbon budget.
Increasing Atmospheric CO2 and Ocean
Acidification
Atmospheric CO2 concentration is increasing at a rate of
approximately 2 ppm year−1 and will likely continue to increase
(Ciais et al., 2013). This influence is ubiquitous across the NWES
and will affect pelagic, coastal and benthic carbon stocks and
flows. This influence is not directly manageable at a local level;
abatement of the rising CO2 trend requires international action.
Increasing atmospheric CO2 will increase pelagic carbon
stocks, particularly in shelf seas which mix and ventilate
annually. This is demonstrated by observations which show the
concentration of DIC (the majority of the pelagic carbon stock)
increasing in the North Sea over the last decade (Figure 7).
Scaling the current rate of increase observed in the North Sea to
the whole shelf gives an increase in the pelagic carbon stock of 0.3
Tmol year−1, which represents an approximate 0.15% increase in
the pelagic stock. This long-term absorption of atmospheric CO2,
and resultant increase in DIC is causing ocean acidification on the
NWES. Over the last 30 years this has decreased pH by 0.0035 pH
units per year in the North Sea (Ostle et al., 2016). Increasing DIC
also increases the DIC:TA ratio, lowering the buffering capacity of
seawater and reduces the potential for future CO2 uptake on the
shelf (Thomas et al., 2007; Clargo et al., 2015).
The processes which transform DIC to organic carbon or
transport it off the continental shelf, into the deep ocean, act
to both ameliorate the effects of ocean acidification and control
CO2 removal from the atmosphere. The magnitude of air-sea
CO2 flux (Figure 2) is determined by the CO2 concentration
difference and the rate of exchange at the air-water interface,
so the future strength of this important CO2 sink depends not
only on atmospheric CO2 but also on the biological and physical
processes controlling and modulating CO2 in the water.
Increasing atmospheric CO2 could also have a range of large
scale impacts on the benthic carbon budget, through changes
in temperature, pH and oxygen. It is likely that the largest
impact will be caused by changes in the amount of organic
matter delivery to the bed from the water column. Not only
would this impact benthic POC stocks but could also cause a
release of alkalinity from the sea bed to the water column as
an increase in POC deposition would increase PIC dissolution
(Krumins et al., 2013).
Acidification of the overlying water is also likely to result in
decreasing benthic calcium carbonate saturation states, leading
to carbonate dissolution and TA release (Doney et al., 2009;
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FIGURE 7 | Observations of increasing dissolved inorganic carbon concentration in summer in waters of the northern North Sea (orange) and southern North Sea
(blue). Data 2001–2011 from Clargo et al. (2015) and from 2015 from Hartman et al. (2018). Vertical bars represent ± 1 standard deviation of the range of observed
values across the survey areas. Much of the intra-annual variability represents spatial variability, and increases in the mean values through time is representative of
the real increase in the DIC inventory in the region (Clargo et al., 2015).
Krumins et al., 2013). An increase in the benthic release of TA,
relative to DIC, would increase the buffering capacity of seawater,
increasing the potential of the water to take up atmospheric
CO2 (Brenner et al., 2016) which could act as a short-term
negative feedback on increasing atmospheric CO2. However,
this TA-driven CO2 uptake would come at the expense of
carbonate sediments which are slow to accumulate and currently
represent the majority of benthic carbon stocks. Dissolution of
carbonates and a reduction in the flux of inorganic carbon from
the water column to the benthos (Burrows et al., 2017) may
mean that benthic PIC stocks will decrease as atmospheric CO2
increases. Release of this carbon from long-term, secure stock
into the DIC pool available for exchange with the atmosphere
will likely contribute to global warming and ocean acidification
in the long term by making more DIC available to drive higher
stabilization concentrations in the atmosphere as CO2 emissions
decrease, for instance.
The continued increase in atmospheric CO2 may lead to an
enhancement of primary production in coastal habitats, which
is likely to increase coastal carbon stocks. However, this impact
is likely to be small and it is hard to quantify as our knowledge
of the amount of organic matter which is stored long-term is
poor. Ocean acidification may benefit some algae and other
coastal plants (Artioli et al., 2014; Brodie et al., 2014; Celis-
Plá et al., 2015), whilst having a generally negative effect on
invertebrates and fish (Hennige et al., 2014). However, there is
high variability in responses, with complex interactions (e.g.,
Duarte et al., 2016), and long-term impacts on carbon cycling and
storage remain uncertain.
The impact of increasing atmospheric CO2 will be ubiquitous
across the NWES but there remains large uncertainty on the
overall direction of change in benthic carbon stocks. Changes
to both POC and PIC deposition remain uncertain, as do
the direct effects on the sea bed such as the response of
benthic fauna to increasing CO2 and the dissolution of calcium
carbonate sediments.
Increasing Storminess
Storms have a range of effects which can affect the carbon
budget of the NWES. These include increased turbulent mixing,
rain inputs, storm surge inundation and biomass destruction
associated with increased wave energy. Anthropogenic climate
change is considered to be affecting the strength and location
of the storms (Lowe et al., 2009; Shepherd, 2014) and current
model simulations generally predict an increase in storm activity
over north-west Europe (Harvey et al., 2012), although not all
studies agree (Lowe et al., 2009; Tinker et al., 2016). Model results
also suggest that precipitation will increase across NE Europe,
especially Scandinavia (Alfieri et al., 2015), leading to increased
discharge into the North Sea from rivers and the Baltic. The
riverine input of carbon and nutrients to the marine environment
is therefore likely to increase, especially DOC and POC (Bauer
et al., 2013). Changes to large scale weather patterns are likely
to affect the whole NWES and are not directly manageable
at a local level.
Increased storminess would very likely result in the
destruction of coastal biomass and reduced primary productivity
(Nedwell et al., 2016), and may increase the erosion of sediment
in coastal habitats (Jones et al., 2011), leading to a decrease
in coastal carbon stocks. Remobilization of sediment may
also reduce the effectiveness of some coastal habitats to act
as sea defenses.
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The location and strength of storms across NW Europe may
impact the pelagic carbon budget in the coming century through
their impact on mixing and air-sea gas exchange. Enhanced
mixing of the water column may affect primary production by
altering nutrient availability and light conditions, although the
net effect remains unknown. During periods of low seawater
DIC, increased surface turbulence may enhance the uptake of
atmospheric CO2, increasing DIC stocks. However, increased
mixing may also alter circulation and may inhibit the net sink
of atmospheric CO2 by bringing high DIC water to the surface.
Overall, the net impact of changing storminess on the pelagic
carbon budget remains uncertain.
Increasing Temperature
Between 1984 and 2014 water temperature in the seas around
the United Kingdom increased at an average of 0.28◦C decade−1,
with considerable spatial and interannual variability within this
trend (Hughes et al., 2017). By the end of the century (2069–
2098), the NWES sea surface temperatures are projected to have
warmed by 2.9◦C (± 2σ = 0.82◦C) compared to the recent past
(1960–1989) under the A1B scenario (Tinker et al., 2016).
Increasing temperature is likely to influence coastal habitats
in several ways. Primary productivity of coastal systems will
increase with temperature up to an optimum (around 25◦C for
salt marshes and intertidal biofilms, e.g., Simas et al., 2001; van
Colen et al., 2014). Higher temperature coupled with desiccation
and salt stress, probably reduce both intertidal microalgal and
salt marsh vascular productivity (Nedwell et al., 2016). Increasing
temperature may also result in species shifts and increased
rates of microbial degradation of organic matter. Macrophyte-
based ecosystems such as seagrass meadows and kelp forests are
particularly vulnerable to ocean warming (Ehlers et al., 2008;
Raybaud et al., 2013; Arias-Ortiz et al., 2018). Overall, increasing
temperature may decrease United Kingdom/European coastal
carbon stocks (Nedwell et al., 2016), although the impacts on the
various carbon stocks and flows are poorly understood.
There are several impacts of increasing temperature on the
pelagic carbon budget. The dominant effect is expected to be
the reduction in CO2 solubility, leading to a decrease in CO2
uptake and a decrease in DIC stock. An increase in temperature
is also expected to increase the intensity of water column
stratification across the shelf (Holt et al., 2016). Increasing
stratification has competing effects on productivity but, overall,
is expected to decrease primary production on the NWES due to
decreasing nutrient availability, including input across the shelf
break (Gröger et al., 2013). A decrease in primary production
is likely to decrease the pelagic-benthic flux of POC and also
decrease oceanic uptake of atmospheric CO2. Overall, increasing
temperature is expected to decrease pelagic carbon stocks on the
NWES but with significant uncertainty and regional variability
(Holt et al., 2016).
A decrease in primary productivity and an increase in pelagic
remineralization would result in a decreased delivery of POC
to the seabed and decreased benthic carbon stocks. Some
studies demonstrate a decrease in POC burial in sediments
with warming (e.g., Holmer, 1996; Ståhlberg et al., 2006;
Malinverno and Martinez, 2015), and this relationship is
supported by modeling approaches (Boudreau, 2000; van
der Molen et al., 2013). However, warming is also linked to
deoxygenation, particularly in coastal areas (Diaz and Rosenberg,
2008), potentially enhancing carbon sequestration (see section
“Decreasing Oxygen”). Overall, we expect that increasing
temperature will decrease benthic carbon stocks.
Increasing sea temperatures in the region will also affect
biodiversity and the depth and latitudinal distribution of
marine species (e.g., Kovats et al., 2014), although the
impact on the carbon budget of future changes to ecosystem
structure and function as species distribution changes is
unknown. Warming-induced changes to both pelagic and
benthic plankton species composition, combined with ocean
acidification, could change the amount of carbonate precipitation
thereby affecting PIC stocks and flows. Our knowledge of
benthic PIC stocks and flows is very limited (Figure 2), making
it hard to predict future changes to this important part of
the carbon budget.
Decreasing Oxygen
Observations suggest that global oceanic oxygen concentrations
have been decreasing over the past several decades (Helm
et al., 2011; Schmidtko et al., 2017; Oschlies et al., 2018) and
that this trend may be stronger in coastal regions (Gilbert
et al., 2010). Models predict a continued decrease in seawater
oxygen concentrations in the coming century due to increased
stratification and decreasing solubility, caused by warming
(Bopp et al., 2013).
In the seasonally stratified North Sea, oxygen depletion is
known to vary seasonally and spatially and future oxygen trends
are likely to be connected to increasing temperature, changes
in primary production and increasing stratification duration
(Greenwood et al., 2010; Queste et al., 2013, 2016; van der Molen
et al., 2013; Ciavatta et al., 2016; Große et al., 2016). Due to
the complex interactions between key physical and biological
processes, trends in oxygen concentration in the waters of the
NWES are uncertain but the expected increase in the duration
of stratification (Lowe et al., 2009; Sharples et al., 2013) may
cause a decrease in bottom water oxygen concentrations in some
areas during summer although severe oxygen depletion events
are likely to be transient and localized (Greenwood et al., 2010;
Queste et al., 2013; Große et al., 2016).
It is probable that benthic carbon stocks will be affected
by decreasing oxygen concentrations, directly though changes
to sediment redox zonations (Sun et al., 1993; Dauwe et al.,
2001; Neubacher, 2009), and indirectly by altering macrofaunal
communities and their associated bioturbation (Sun and Dai,
2005). Even relatively small oxygen depletion in the overlying
water can have a measurable effect on benthic biogeochemistry
(Neubacher, 2009). Factors other than oxygenation also influence
benthic carbon storage, including, amongst other things, the
rate of supply from the overlying water column (Henrichs and
Reeburgh, 1987), the biochemical composition (quality) of the
organic matter (Eyre et al., 2013; Cavan et al., 2017), its absolute
concentration (Mayor et al., 2012) and the characteristics of the
receiving sediment (Hicks et al., 2017). Thus, the relationship
between sediment oxygenation, carbon stocks and storage is
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complex (Canfield, 1994; Burdige, 2007; Arndt et al., 2013), and
the impact not directly manageable at a local scale.
Trawling
Bottom trawling is ubiquitous across the NWES and there
are very few areas of the sea bed that can be considered as
unaffected (Eigaard et al., 2017). The disturbance of the seabed
by trawling has several opposing mechanisms of impact on the
benthic carbon budget.
Resuspension of sediment by trawling decreases carbon
storage (Oberle et al., 2016a), particularly in muddy sediments,
causing an increase in benthic to pelagic carbon flux and water
column remineralization (Jennings et al., 2001; Durrieu De
Madron et al., 2005). Studies in the deep sea and NW Iberian
shelf have demonstrated lower organic carbon content and lower
210Pb concentrations in surface sediments post trawling (Martín
et al., 2014a; Oberle et al., 2016b). However, resuspension and
remineralization of sediment also releases nutrients back to the
water column, which may stimulate primary production and
increase deposition of new POC (e.g., Duplisea et al., 2001).
Repeated trawling will prolong sediment resuspension and may
disrupt existing carbon storage (Martín et al., 2014a,b; Oberle
et al., 2016b), as well as increase the likelihood of long-lasting
change (Mayer et al., 1991; Jones, 1992) in carbon concentration
and spatial distribution.
Loss of fauna may increase carbon storage through the
reduction of carbon consumption by benthic biomass (Duplisea
et al., 2001; van der Molen et al., 2013). However, an increase
in bacterial remineralization following trawling may decrease
benthic POC. Reduced infaunal densities would lead to a decrease
in the mixing of sediments, and exchange of pore-water fluids
across the sediment water interface due to decreased bioturbation
and bioirrigation (Snelgrove et al., 2018). This, in turn, reduces
the availability of dissolved oxygen within the sediments,
consequently reducing organic carbon re-mineralization and
release of DIC across the sediment water interface (Middelburg
and Meysman, 2007; Snelgrove et al., 2018; Queirós et al., 2019).
The net effect of these processes is highly uncertain, and likely
depends on several local as well as broader scale conditions, such
as sediment type, gear type, currents, and seasonal timing of the
events. While it is certain trawling has a significant impact on the
benthic system, its net effect on carbon stocks and fluxes at shelf
scale is highly uncertain due to the complex interacting processes
as detailed above.
The extent and intensity of trawling is directly manageable
and a reduction in trawling would have co-benefits such as
the protection of habitats and species diversity. Importantly,
the impact of trawling on benthic habitats is highly non-
linear with trawling effort. Most damage to the biological
organisms (from species level to community composition) is
carried out by the first trawl, which may have implications for
the regulation of the extent and frequency of trawling effort
(Jennings et al., 2001).
Freshening
The sea surface salinity of the NWES seas is predicted to decrease
during this century (Holt et al., 2010; Tinker et al., 2016) and this
freshening may impact the pelagic carbon budget. Temperature
and salinity changes are predicted to cause an increase in
stratification strength (Tinker et al., 2016) and duration (Holt
et al., 2009) on the shelf which may impact primary production
and therefore potentially alter air-sea CO2 flux and the POC flux
to the benthos. A decrease in salinity may also be associated with
a decrease in TA which would reduce the buffering capacity of
seawater and reduce its capacity to take up atmospheric CO2.
Overall the impact of future salinity changes on the carbon
budget is unknown.
Changing Circulation
The large transport of carbon from the NW European shelf,
into the deep North Atlantic (Figure 2) allows the shelf seas
to be a net sink of atmospheric CO2. The strength of this off-
shelf carbon transport is largely determined by cross-shelf water
mass exchange so changes to circulation in the region could
lead to major changes in the carbon budget. Models predict a
weakening of the shelf edge current, especially in the eastward
circulation in the northern North Sea (Holt et al., 2010; Tinker
et al., 2016) and it is possible that this weakened circulation may
reduce the strength of off-shelf carbon transport. However, recent
work has highlighted that models with spatial resolutions of the
order of 1 km are needed to resolve key processes controlling
cross-shelf exchange (Graham et al., 2018), and there is a lack
of suitable synoptic scale observations for verifying such models
(Bôas et al., 2019).
It is thought that inter-annual variability caused by the North
Atlantic Oscillation (NAO) leads to variability in the North
Atlantic carbon sink (e.g., Gruber et al., 2002; Schuster and
Watson, 2007) and circulation changes caused by the NAO are
also likely to impact the carbon budget on the NWES. Salt
et al. (2013) found that under more positive NAO conditions,
the anti-clockwise circulation of the North Sea is stronger, with
reduced mixing between the southern and northern regions.
These circulation changes cause the shelf sea carbon pump to be
stronger during positive NAO conditions. NAO conditions are
difficult to predict and can currently only be reliably modeled a
year or two in advance (Dunstone et al., 2016), making the future
influence of the NAO on the carbon budget uncertain. Overall,
we are confident that future changes in circulation will lead to
major changes in the carbon budget, but we cannot predict with
confidence what these changes will be.
CONCLUSION
We have constructed a carbon budget for the northwest European
continental shelf seas, synthesizing available estimates for all
carbon stocks and flows. Key knowledge gaps in the carbon
budget were identified (Figure 5) and future impacts on the
pelagic, benthic and coastal components of the carbon budget
were assessed. The main points arising from this study are:
• Carbon Stocks and Flows on the NWES Are Globally
Significant
The NWES stores between 730 – 1800 Tmol of carbon, of
which 71–87% reside in the shelf sediments, 13–29% in the
water and 0.1–0.2% in coastal habitats. Benthic and pelagic
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macrofauna account for only 0.1–0.6% of total carbon
stocks, although they may play important roles in carbon
cycling and storage processes (e.g., Lutz and Martin, 2014;
Atwood et al., 2015). The budget presented here identifies
that the NWES riverine input, air-sea exchange and off shelf
transport respectively account for 3.2–7.1, 3.5–8.8, and 4.9–
12% of the global shelf carbon fluxes given by Bauer et al.
(2013). Given that the NWES occupies about 3.5% of total
global continental shelf area, this suggests that it may be
above average in its role in carbon cycling and storage.
According to this budget, approximately 60% (between 56
and 63%) of the carbon entering the NWES is delivered
by rivers and approximately 40% (between 37 and 44%)
is from the atmosphere. These riverine and atmospheric
proportions are very similar to those of recent carbon
budgets of the east coast of North America (Najjar et al.,
2018) and the whole North American shelf (Fennel et al.,
2019), despite very different geographies and latitudinal
ranges of the three study areas.
• NWES Carbon Flows Are Significant in Comparison
With Regional Anthropogenic Emissions
To appreciate the scale of the flows of carbon, we can
compare them with a direct impact of humans on the
carbon system – our CO2 emissions. The total EU carbon
dioxide emission in 2016 (including international aviation)
is of the order of 100 Tmol year−1 (Eurostat, 2018). The
uptake of atmospheric CO2 by coastal and marine systems
of the NWES is thus between 1.3 and 3.5% of the magnitude
of EU emissions, and the output to the North Atlantic is
between 2.3 and 8.2% of the magnitude of EU emissions.
The lower end of the range for shelf sea CO2 uptake is
comparable to CO2 emissions from domestic combustion
in the United Kingdom of 1.4 Tmol year−1 (National
Atmospheric Emissions Inventory [NAEI], 2018).
• Carbon in Shelf Sediments Is the Largest and Most
Uncertain Stock, and Is Potentially Manageable, Making
It a Priority for Research
The largest carbon stock on the shelf is in the sediment
(Figure 2) but this component of the budget also has
the largest uncertainties. Carbon stock observations are
scarce and estimates are limited by assumptions made
about the depth of sediment considered, which does not
always reflect the different sediment accumulation rates,
and there is very little empirical data on this across the
NWES. Furthermore, these large but poorly constrained
benthic carbon stocks may be significantly impacted in the
future by factors which are manageable on a local scale,
such as trawling and the designation of protected areas
(Figure 6). This contrasts with the pelagic component,
where the large DIC stocks will be primarily influenced by
large-scale changes such as CO2 increase (and associated
acidification), warming and circulation changes, which are
not locally manageable. Given their size, uncertainty and
potential manageability, benthic carbon stocks stand out as
a key area for future research.
• Understanding the Balance Between Off-Shelf Carbon
Flux and Burial in Shelf Sediments Is Critical
Off-shelf carbon transport accounts for between 60 and
100% of carbon outputs from the NWES and burial in
sediment accounts for between 0 and 40%. These values are
consistent with the percentage contributions of 80 and 20%
for off-shelf transport and sediment burial, respectively,
presented by Najjar et al. (2018) for eastern North America.
Fennel et al. (2019) find a roughly 70%/30% split between
their inferred off-shelf transport and burial of carbon in
sediments across the whole North American shelf.
More work is needed to understand the mechanisms behind
both cross-shelf carbon transport and the burial of carbon
in the sea bed, and to resolve their relative importance
in driving the uptake of atmospheric CO2. Both of these
fluxes are likely to be impacted by future influences to the
NWES, but whereas cross-shelf exchange will be mostly
affected by large-scale climatic changes, pelagic-benthic
exchange will also be influenced by regional change and
national management decisions. Better quantification of
these two fluxes may therefore inform land and ocean
management decisions.
• The Pelagic System Drives Carbon Uptake, Burial and
Export but the Benthic System Is the Major Carbon Store
The two largest stocks of carbon in the NWES are inorganic
carbon in the pelagic (DIC) and benthic (PIC). These
stocks differ in their role in the shelf carbon cycle and
their lifetimes and origin. The lifetime of pelagic DIC is of
the order of a few years and is controlled by the flushing
time of the shelf (Holt et al., 2012). DIC concentrations
are dominated by the input from the open ocean and
fluctuations around this “baseline” DIC concentration of
∼2050 µmol kg−1 due to in situ processes drive uptake of
atmospheric CO2. The resulting enrichment in DIC of a few
percent contributes to the export of carbon off the shelf.
DOC stocks are much smaller but show greater variability
and may play an important role in off-shelf export (Carr
et al., 2018; Humphreys et al., 2018; Chaichana et al.,
2019). The pelagic system is therefore important in the shelf
carbon cycle due to the processes which fix carbon from
the atmosphere and physical circulation which removes
this carbon to the open ocean, where it can be stored for
centuries or longer.
Compared to DIC in the water, PIC in the sediment has a
very long residence time. This very large, long-lived store of
carbon will become more vulnerable to dissolution as ocean
acidification and temperature- and stratification-driven
oxygen depletion increase while benthic DOC stocks will
probably become more stable. Dissolution of carbonates,
and a reduction in their production and deposition
may initially act to increase atmospheric CO2 uptake
and ameliorate ocean acidification but at the expense of
slow-to-accumulate benthic PIC stocks. Therefore, being
able to predict the nature and rate of the response of
benthic carbon storage to ocean acidification is a future
research priority.
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• Inorganic Carbon Dominates Stocks but the Role of
Biology Is Critical to Carbon Sequestration
PIC and DIC dominate the carbon stocks in the benthic
and pelagic budgets, respectively. The major carbon-
sequestering fluxes in the budget are mediated by biological
activity. Organic carbon is directly sequestered as POC in
sediments where a proportion remains for the long term.
Biological activity also enriches the pelagic system in DOC
or DIC (the latter through remineralization of organic
carbon) which is then transported off the shelf. Although
small relative to inorganic carbon, pelagic and benthic
organic carbon stocks are still large relative to coastal stocks.
• Carbon Storage Is Sensitive to Natural Variability as Well
as Human Activities
Whilst this budget aims to capture annual average flows,
there is strong and asymmetrical seasonality in many of the
flows (for instance atmospheric CO2 uptake), and changes
in seasonality may have significant effects on overall carbon
storage. Many fluxes also exhibit significant interannual
variability, for example river discharge, atmospheric uptake
and cross-shelf exchange are known to be linked to climate
indices such as the North Atlantic Oscillation. Furthermore,
the stocks quantified here may not be at steady state
on centennial to millennial timescales and in the case
of sedimentary carbon stores, in both shelf and coastal
environments, the direction of the long-term natural trend
is unclear. For instance, shelf sediments in the North
Sea may be slowly accumulating carbon produced in the
pelagic, while estuaries may be slowly releasing Holocene
(or older) terrestrial organic carbon deposits (Andrews
et al., 2000). It is particularly difficult to resolve this
given that our data on carbon stocks and storage rates
are made in a system heavily perturbed by trawling and
climate pressure.
• The Future of the NWES Carbon Sink Remains
Uncertain
Despite the importance of the NWES as a sink of
atmospheric CO2 and despite considerable research effort,
there remain several key gaps in our knowledge of the
carbon budget (Figure 5). It remains uncertain whether
the strength of the shelf sea carbon sink will continue
to increase over the coming decades as this complex
biogeochemical system is being significantly perturbed by
multiple, interacting influences. We suggest that there is no
large-scale biogeochemical basis on which we can say that
the sink strength will increase or decrease.
• Marine Carbon Science and Management Are
International Issues
The carbon stocks and flows quantified in this budget
cross geopolitical boundaries and therefore the material
and processes which are present in a nation state’s
territory cannot be considered in isolation. International
scientific collaboration is needed to tackle these challenges.
Furthermore we expect most perturbations to the carbon
budget of the NWES in the future to be caused by
global-scale changes which are only manageable at an
international level (Figure 6). Therefore, global governance
and international cooperation potentially have more
leverage on climate regulation by shelf sea systems than
local management (e.g., Turner et al., 2014).
• Care Must be Taken to Consider Marine Ecosystems
Holistically
As part of the natural world, humans are inextricably
connected to, and supported by, natural ecosystems. While
the discretization and quantification of nature may be used
as a decision making tool, the breadth of value provided by
natural ecosystems to humanity cannot be comprehensively
measured in units of carbon or of money.
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